Background: Lesions of the long head of the biceps tendon are often associated with massive rotator cuff tears (MRCTs), and biceps tenotomy is frequently performed for pain relief and functional reservation. However, the efficacy and safety of biceps tenotomy regarding the effects on the surrounding tissues in chronic MRCT are unclear.
To achieve normal motion and maintain joint stability, multiple musculotendinous units of the shoulder joint must act in synchrony by balancing muscle and external forces in all directions. Transverse force couple-which is primarily maintained by the subscapularis anteriorly and the infraspinatus and teres minor posteriorly-was previously described and is a major component to the dynamic stability of the shoulder joint. 4 In the presence of massive rotator cuff tears (MRCTs), where 2 cuff tendons are primarily involved, 9 the whole joint can be rendered at risk for mechanical instability and subsequent downstream injuries. 4, 20 A previous study in a rat model of MRCT suggested that the disruption of the transverse force couple balance attributed to MRCT, defined as the detachment of supraspinatus and infraspinatus tendons, may lead to joint damage and lesions of the long head of the biceps tendon (LHBT). 26 Numerous clinical studies have demonstrated structural damage to the LHBT in the presence of MRCT and showed a positive correlation between the size of these lesions and the severity of MRCT. 6, 7, 24 Lesions of the LHBT are a recognized source of anterior shoulder pain and joint dysfunction and commonly present in combination with rotator cuff tendon pathology. 6, 14 After initial observations of the analgesic effect of spontaneous rupture of the LHBT, arthroscopic biceps tenotomy (BT) is frequently performed as a primary operation or in conjunction with other surgical interventions to address shoulder pain and impaired joint function among patients with chronic MRCT. 3 Despite studies reporting favorable outcomes after BT in the presence of MRCT, 3, 17, 30, 37 the effect of this palliative surgery on surrounding joint structures, including the intact rotator cuff tendons and glenoid cartilage, is still controversial. 15, 16, 18, 36 Authors of cadaveric studies have shown the role of the LHBT as an anterior stabilizer and expressed concerns about the biomechanical consequences of its detachment. 15, 29 However, animal studies have reported that simultaneous detachment of the LHBT at the time of MRCT initiation results in improved shoulder function and a reduction in damage to surrounding joint tissues. 32 However, the typical clinical scenario involves LHBT detachment several months or even years after the initial rotator cuff tear. Therefore, the effect of BT on the surrounding tissues in this chronic MRCT scenario remains unknown.
Therefore, the objective of this study was to define the effect of surgical detachment of the LHBT as a potential palliative treatment in a chronic MRCT rat model. We hypothesized that BT would result in improved mechanical and histological properties of the intact subscapularis tendon and improved in vivo shoulder function without compromising glenoid cartilage properties.
METHODS

Animals and Study Design
Supraspinatus and infraspinatus tendons were detached in the right forelimbs of 28 male Sprague-Dawley rats (mean 6 SD: 464 6 24 g; Institutional Animal Care and Use Committee approved; University of Pennsylvania), followed by 4 weeks of cage activity to create a model of chronic MRCT. 2, 23, 32 These animals with chronic MRCT were randomly divided into 2 groups that received either surgical BT (n = 14) or sham surgery (SS; n = 14) on the right shoulder ( Figure 1 ). In vivo functional tests were performed with a customized quantitative ambulation device, followed by animal sacrifice for ex vivo analysis. 32, 33 For histology (n = 4 in each group), tissues were immediately dissected and fixed in formalin. The remaining animals were designated for mechanical testing and stored intact at 220°C until the day of testing. Three rats from the BT group assigned for mechanical testing had an intact biceps tendon on the day of testing and were excluded from further analysis, resulting in a final study sample size of 25 (BT, n = 11; SS, n = 14).
Quantitative Ambulation
In vivo shoulder joint function was assessed by recording forelimb gait and ground-reaction forces on an instrumented walkway 1 day before the supraspinatus and infraspinatus detachment (preinjury baseline), as well as 1 day before and 3, 7, 10, 14, 21, and 28 days after the BT/sham intervention as previously described. 27 Data were collected for the injured and contralateral limbs. The following data were determined for each walk: kinetic data, including medial/lateral, braking/propulsion, and vertical groundreaction forces; and kinematic data, including stride length (longitudinal distance between steps of a specific paw), stride width (averaged distance between front paws while the animal was walking), and stride speed (stride length/ time). Parameters were averaged across walks (n = 3 or 4) at each time point for each animal and normalized to body weight, and the change in force from baseline was calculated. Figure 1 . Study design. Preinjury baseline kinematic and kinetic data were collected 1 day before the detachment of supraspinatus and infraspinatus (S1I) tendons. Then, all animals underwent the detachment procedure, followed by 4 weeks of cage activity to create a chronic massive rotator cuff tear (MRCT). The animals were randomly allocated into 2 groups receiving either biceps tenotomy or sham surgery as the second intervention, after which all animals maintained normal cage activity for an additional 4 weeks before sacrifice. Kinematic and kinetic data were collected 1 day before the second intervention and at 3, 7, 10, 14, 21, and 28 days after intervention. *Quantitative ambulation; 3, sacrifice.
Mechanical Testing
Tendon Mechanics. Specimens were thawed, and the humerus was dissected to isolate the subscapularis tendon. Tendon testing was then performed as previously described. 31 Briefly, stain lines were placed on the upper and lower bands of the subscapularis tendon (at insertion and midsubstance) to locally track regional optical strain. Tendon cross-sectional area was measured with a custom laser device. 8 The humerus was embedded in a holding fixture with polymethylmethacrylate; the tendons were gripped with cyanoacrylate annealed sand paper; and the specimen was immersed in phosphate-buffered saline (PBS) at 37°C. The tensile testing protocol was as follows: (1) preload to 0.08 N, (2) preconditioning (10 triangular waves from 0.1 N to 0.5 N at a rate of 1% strain/s), (3) stress relaxation at 6% strain for 300 seconds, and (4) ramp to failure at 0.3% strain/second. Stiffness was calculated as the slope of the linear region of the load displacement curve from ramp-to-failure data, and region-specific modulus (insertion and midsubstance) was calculated as the slope of the linear region of the stress-strain curve.
Cartilage Mechanics. The glenoid was prepared for cartilage mechanical testing as previously described 25 by sharply detaching the long head of the biceps at its insertion on the superior rim of the glenoid (SS group only) and was preserved by wrapping in PBS-soaked gauze and frozen (220°C).
For cartilage thickness measurement, 25 each scapula was thawed and immersed in PBS containing protease inhibitors at room temperature (5mM benzamidine hydrochloride, 1mM phenylmethylsulfonyl fluoride, and 1M Nethylmaleimide). Specimens were scanned at 0.1-mm increments with a 45-MHz ultrasound probe (VisualSonics, Inc) in plane with the scapula. Captured B-mode images of each scan were segmented by manually selecting the cartilage and bony surfaces of the glenoid. The 3-dimensional positions of these surfaces were reconstructed and used to determine cartilage thickness. Each thickness map was divided into 5 regions (center, posterior-superior, posterior-inferior, anterior-superior and anterior-inferior), and mean cartilage thickness was computed for each region. After ultrasound scanning, specimens were wrapped in soft tissue and frozen (220°C) until mechanical testing.
Cartilage thickness for indentation testing was determined by identifying the indentation location on each thickness map. Each scapula was thawed and immersed in PBS containing a protease inhibitor cocktail at room temperature. Utilizing a 0.5 mm-diameter nonporous spherical indenter, cartilage indentation testing was performed. 25 Briefly, a preload (0.005 N) was followed by stepwise stress relaxation tests (8-mm ramp at 2 mm/s, followed by a 300-s hold). The scapula was repositioned for each localized region such that the indenter tip was perpendicular to the cartilage surface. Equilibrium elastic modulus was calculated, as described by Hayes et al, 10 at 20% indentation and with an assumed Poisson ratio of n = 0.30.
Histology
Subscapularis samples were left intact as bone-tendonmuscle units, and glenoid samples were detached from the rest of the scapula at the scapular neck. Tendon samples were paraffin processed, and longitudinal sections (7 mm) were collected. The width of the glenoid cartilage (short axis of the oval glenoid cartilage) was measured before sectioning and used for calculation of the anterior plane (20%-40% of the width), central plane (40%-60% of the width), or posterior plane (60%-80% of the width), while the glenoid cartilage was sectioned along the short axis of the oval glenoid cartilage. Subscapularis tendon sections were stained with hematoxylin and eosin, and images were graded by 3 blinded investigators for cell density (scale: 1 = less, 3 = more dense) and cell shape (scale: 1 = spindle, 3 = round). Cartilage sections were stained with safranin O, fast green, and iron hematoxylin; imaged in 5 regions corresponding to the indentation locations (center, posterior-superior, posterior-inferior, anteriorsuperior, and anterior-inferior); and graded with a modified Mankin score, which incorporates scores for cellularity, structure, and matrix staining. 25 Given the presence of an intact tidemark in all images, scoring for this category was removed. Three blinded investigators performed the cartilage histology scoring. Cartilage cell density was also quantified with a bioquantification software system (Bioquant Osteo II; BIOQUANT Image Analysis Corp).
Statistics
Ambulation data were assessed with 2-way analysis of variance with multiple imputations (for~13% of missing data). 5 Tissue mechanics and cartilage thickness were assessed with 2-tailed t tests. For tendon histology and cartilage scoring, median grades were compared between groups with a Mann-Whitney test. Significance was set at P .05.
RESULTS
Quantitative Ambulation
Kinetic Results
Early Postintervention Period: 3-10 Days. When compared with preintervention values, lower medial/lateral forces were observed in the BT group 7 days after the intervention; however, there were no differences between groups (Figure 2A ). Decreased propulsion, braking, and vertical ground-reaction forces were also observed in the BT group during this period. Decreased braking force and stance time were observed during this period in the SS group, with higher propulsion force than that of the BT group.
Late Postintervention Period: 2-4 Weeks. When compared with preintervention values, lower medial/lateral forces were observed in the BT group during this period, without any differences between groups. Furthermore, Figure 2 . Quantitative ambulation. (A) Kinetic data: Decreased medial/lateral forces were observed 7 days after the intervention in the BT group when compared with preintervention values. Decreased propulsion forces were observed in the BT group 10 days after the intervention and remained significantly lower when compared with the SS group. Decreased braking forces were observed in both groups during the early postintervention period but recovered during the later postintervention period. More evident decrease in vertical forces was observed in the BT group in the early postintervention period, but the rate of loading was higher in the BT group versus the SS group in the later postintervention period. (B) Kinematic data: Rats in the SS group showed significantly higher lateral stride width than that of the BT group at 4 weeks after the intervention. Significantly decreased right limb stride length in the BT group was observed 7 days after the intervention but resolved at the 4-week time point. A significant increase in contralateral limb stride length was observed in the SS group 4 weeks postintervention. BT, biceps tenotomy; BW, body weight; Pre, preinjury baseline value; Pre-I, 1 day preintervention; SS, sham surgery. Values are presented as mean 6 SD. a higher rate of loading was observed in the BT group than in the SS group.
Kinematic Results
Early Postintervention Period: 3-10 Days. The affected limb had decreased stride length in the BT group, while there were no differences between the groups ( Figure 2B ).
Late Postintervention Period: 2-4 Weeks. A significant increase of contralateral limb stride length was observed at 4 weeks in the SS group, while lateral stride width was higher in the SS group than the BT group.
Tendon Properties
Tendon Mechanics. Decreased stress relaxation ( Figure  3A ) and increased tendon stiffness ( Figure 3B) , with a decrease in insertion site modulus ( Figure 3C ), were exhibited in the lower band of the subscapularis tendon in the BT group versus the SS group, with no changes in midsubstance modulus ( Figure 3D ). No changes in any mechanical parameters were identified in the upper band.
Tendon Histology. No differences in cell density (cellularity) or morphology were observed in either band between the groups (Table 1) .
Cartilage Properties
Cartilage Mechanics. No differences were observed between groups for equilibrium elastic modulus ( Figure  4A ) or cartilage thickness ( Figure 4B ) in any of the regions.
Cartilage Histology. An increase in cell quantitative density was observed in the posterior-inferior region in the BT group ( Figure 5 ), while there were no differences in modified Mankin score grading between groups in any regions ( Table 2 ).
DISCUSSION
Lesions of the LHBT are often associated with MRCT and may be responsible for shoulder pain and dysfunction. 6, 30 Surgical BT is currently a treatment option either in conjunction with cuff repair or even as a primary operation when repair is impossible. However, little is known regarding the effect of the detachment of the LHBT on surrounding joint structures in this common procedure. 3, 17, 30, 37 Previous studies indicated that simultaneous detachment of the LHBT in the presence of supraspinatus and infraspinatus detachment resulted in improved shoulder function and less joint damage 32 ; however, the current study investigated the role of BT in a more clinically relevant chronic MRCT scenario. We hypothesized that detachment of the LHBT would (1) improve shoulder function, (2) improve the mechanical and histologic properties of the subscapularis tendon, and (3) not damage the mechanical and histologic properties of the glenoid cartilage.
The altered gait patterns in the contralateral limbs in the SS possibly indicate a compensatory response to an increase in transverse force couple imbalance. In contrast, although there were some changes during the early postintervention period in the BT group, no alterations in these parameters remained significant at the final 4-week time as compared with the preintervention values. Similarly, although the ground-reaction force analysis showed inferior kinetic properties in both groups at the early postintervention period, no alterations in these parameters remained significant at 4 weeks after intervention. These differences during the early postintervention period may be due to the surgical intervention and acute inflammation.
However, in the BT group, the rate of loading was closer to baseline at 3 weeks after intervention when compared to the SS group. Further, medial-lateral force was partially restored at the late postintervention time points when compared with the preintervention period. These improvements in kinematic and kinetic parameters in the BT group during the late postintervention period may indicate improved stability of the shoulder during locomotion and/or relief of pain after the BT. Overall, these in vivo kinetic and kinematic measures indicate a more favorable outcome for in vivo function in the BT group. The results are supported by most clinical studies in which significant functional improvements were reported by utilizing BT in the presence of supraspinatus and infraspinatus cuff tears. 3, 17, 30 For the mechanics of the subscapularis tendon, the increase in overall lower band tendon stiffness and decrease in stress relaxation in the BT group can be attributed to a rebalance of the transverse force couple as previously reported, 11, 26, 32 which was shown to be critical to joint health and function. 11, 22 In the absence of BT, the 
Values are expressed as median (range). BT, biceps tenotomy; SS, sham surgery. Figure 4 . Cartilage mechanical properties. There were no differences observed between groups for (A) cartilage equilibrium elastic modulus or (B) cartilage thickness. Data are shown as mean 6 SD. AI, anterior-inferior; AS, anterior-superior; BT, biceps tenotomy; C, center; GAC, glenoid articular cartilage; PI, posterior-inferior; PS, posterior-superior; SS, sham surgery.
unbalanced posteriorly directed force of the biceps tendon on the humeral head could decrease loading to the subscapularis tendon, resulting in reduced stiffness of the lower band. Furthermore, the decrease in the insertion site modulus of the lower band in the BT group also indicates a return toward baseline subscapularis material properties (Soslowsky LJ, unpublished data, 2018 ). An increase in cell density was noted in the posteriorinferior region of the glenoid cartilage in the BT group, which may indicate a more metabolically active state; however, there were no differences in cartilage thickness or equilibrium elastic modulus between the groups for any of the regions. In addition, the modified Mankin score was not different between groups for any region. Previous studies identified compromised mechanical properties of the glenoid cartilage during disruption of the transverse force balance in a MRCT model, probably as a result of increased humeral head translations and decreased joint stability. 26 However, our results suggest that the additional detachment of the LHBT in the presence of chronic MRCT does not exacerbate cartilage properties, at least at early stages, which is in accordance with previous animal studies and clinical outcomes. 3, 30, 32, 35 Several cadaveric biomechanical analyses indicated that the LHBT acts as an anterior stabilizer of the glenohumeral joint, with its role increasing as shoulder stability decreases, as in the presence of MRCT. 1, 12, 13, 15, 21, 29 Some concern has been expressed regarding the biomechanical consequences of the detachment of the LHBT, such as increased glenohumeral migration. Such effects may outweigh the pain-relieving effects of this procedure on shoulders with MRCT, supporting the preservation of the biceps tendon. 15, 29 However, cadaveric studies cannot simulate the complicated spatiotemporal loading patterns of 15 Additional studies showed that patients with MRCT have decreased acromiohumeral distance after BT or tenodesis. 3, 35 Conversely, some studies recommended BT as palliative surgery and achieved favorable treatment outcomes in reparable or irreparable MRCTs. 3, 30, 35 In these studies, superior migration of the humeral head was generally not observed on postoperative radiographs after BT. 35 Furthermore, the acromiohumeral narrowing observed after BT was equivalent to that seen after simple arthroscopic joint debridement and less than that seen after acromioplasty. 3 Currently, there is a lack of evidence confirming the direct causal relationship between humeral migration and glenohumeral arthritis in the long term. Besides, rotator cuff tear arthropathy is a relatively uncommon endpoint for patients with rotator cuff tears. 20 In addition, clinically, arthroscopic BT would be performed only for patients with a potentially functional shoulder without glenohumeral arthritis, 3 which may render the concern of postdetachment osteoarthritis insignificant.
Several limitations in the study should be clarified. Despite the widely accepted anatomic similarities of this well-established MRCT rat model, the different loading patterns seen in quadrupeds is not capable of exactly replicating the human shoulder. However, the rat shoulder produces large amounts of glenohumeral forward flexion during normal locomotion, which renders the rotator cuff tendons and the LHBT at risk for subacromial impingement. This allows for replication of repetitive overhead activity in humans, while previous studies with the rat shoulder model showed numerous similarities to results from clinical studies. 28 Additionally, this study involved an acute surgical detachment of the supraspinatus and infraspinatus tendon without inducing a tendinopathic condition with overuse, which does not perfectly mimic the more commonly seen degenerative cuff tears. However, previous studies indicated that inducing overuse before surgery is likely to be unnecessary when tendons are examined 4 weeks after a repair in the classic rat supraspinatus model. 34 Furthermore, the animals were allowed 4 weeks of cage activity in the presence of rotator cuff tears before the second tenotomy/SS, which was shown to create LHBT tendinopathy and is well correlated with clinical findings of biceps tendon pathology. 22, 26 Also, the addition of a later time point would be interesting to check the long-term influence of the detachment of the LHBT on the shoulder joint. The teres minor tendon and humeral head cartilage were not assessed in our study, which could assist in proving a more thorough insight on the effect of BT on the shoulder joint. However, since the teres minor does not play a major role in stabilization of the shoulder and is not commonly injured in the presence of MRCT, its mechanical and histological properties were not investigated in this study. Furthermore, the necessity of fixing the humeral head in PMMA for mechanical testing of the subscapularis precluded probing the mechanical response of the humeral head. 19, 25 Despite these limitations, our study design still allows for a well-controlled comparison to investigate the role of the LHBT in the development of joint damage in a clinically relevant chronic MRCT model.
Overall, this in vivo rat model demonstrates that detachment of the LHBT in the presence of chronic MRCTs partially preserves overall shoulder function and potentially restores subscapularis tendon health without detrimental effects on joint cartilage, consistent with previous animal studies and supported by most clinical outcomes. 3, 17, 30, 32 This clinically relevant laboratory study provides basic scientific evidence to support the use of detachment of the LHBT in patients with tears of the supraspinatus and infraspinatus. Randomized controlled trials are still needed to examine the clinical utility of this procedure and the long-term consequence of long head of the bicep tenotomy on the glenohumeral joint.
